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The second order nonlinear coefficient (d36) of the narrow band gap semiconductor, mercury
cadmium telluride ~MCT!, is measured. Because MCT is strongly absorbing at a 1.06 mm
wavelength, the measurement was performed by comparing the second harmonic intensity reflected
from the material surface to the second harmonic intensity measured for a quartz sample in
transmission. The analysis depends on the derivation of comparable expressions for the reflected and
transmitted intensities. Using this approach a value of d365350640 pm/V is obtained, a value much
larger than those reported for similar zinc-blende type materials. The large magnitude of the MCT
d36 is attributed to an electronic resonance enhancement. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1330246#INTRODUCTION
Knowledge of the absolute value of the second order
nonlinear optical coefficient of materials plays a key role in
assessing their performance. However, for materials which
are strongly absorbing at both the fundamental and the sec-
ond harmonic ~SH! frequencies, nonlinear optical character-
ization using techniques such as the well-established Maker
Fringe method,1 in which the transmitted SH waves are mea-
sured, cannot be used. It is therefore necessary to establish
alternative methods to allow an accurate measurement of
nonlinear optical parameters such as the d coefficients
through measurement of the reflected SH intensity. Previous
studies by Hase et al.2 on the reflected SH signal from a
ZnSe layer deposited on GaAs demonstrated that the occur-
rence of multiple reflections within the thin ZnSe film sig-
nificantly enhances the radiated SH signal. By normalizing
this SH signal with respect to the signal from a GaAs sub-
strate in reflection, an estimate of the d36 coefficient of ZnSe
was made. Also, in work by Fluegel et al.,3 the reflected SH
signal from an ordered Ga12xInxP surface was quantified
with respect to the signal reflected from a GaAs surface.
However, in neither of these cases ~nor to our knowledge in
any other! has a direct comparison been made between the
measurement of the SH intensity for a sample in reflection
and the intensity obtained for the same sample ~or for a well-
documented material such as quartz! in transmission. Such
an approach would be useful for testing the theoretical un-
derstanding of the reflected and the transmitted responses.
Reflected second harmonic radiation at the input surface
of a noncentrosymmetric material will in general be made up
of contributions from specific surface effects and from an
effect that depends only on the bulk second order suscepti-
bility. The latter contribution necessarily occurs if the SH
a!Corresponding author. Phone: 144 141 548 4244; Fax: 144 141 548
4822; Electronic mail: L.Berlouis@strath.ac.uk3060021-8979/2001/89(1)/306/5/$18.00
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
130.159.82.211 On: Fri, wave boundary conditions are to be satisfied. It is relatively
easy to make approximate calculations of the bulk contribu-
tion and in many cases4 this is predicted to be very small.
This has been confirmed in experiments on crystals with
known bulk d tensors, where, in comparison with transmitted
intensities, the reflected SHG is found to be negligible or
undetectable. Where a substantial amount of reflected SHG
is detected, it will either be attributable to a specific surface
effect or to an exceptionally large bulk coefficient. In semi-
conductor materials such as Hg12xCdxTe ~MCT!, there is
good reason to expect that very large effective d coefficients
will be found because the experiments involve photon ener-
gies that are well above the optical band gap, so that consid-
erable resonant enhancement is likely to be involved. In this
article, we describe a scheme where the reflected SH wave
was employed to measure accurately the d36 coefficient of
the narrow band gap semiconductor, MCT.
EXPERIMENT
The MCT sample employed (x50.277) was grown by
the interdiffused multilayer process by metal organic vapor
phase epitaxy ~IMPMOVPE!5 on a vicinal GaAs ~100! sub-
strate, tilted towards the @110# direction ~Fig. 1!. MCT has a
cubic zinc-blende structure with the second order suscepti-
bility tensor having only one independent element, the d36
coefficient.6 To determine the magnitude of the effective d
coefficient, it is necessary to compare the reflected SH inten-
sity from the sample with that generated by a well-
characterized reference material, in this case quartz. How-
ever, the SH intensity generated by the 1064 nm output of a
Q-switched Nd:YAG laser ~19 Hz repetition rate, 20 ns pulse
width! at the quartz/air interface was too weak for compari-
son purposes. Thus it was necessary that the SH intensity
was measured in transmission through the quartz and then
compared with the intensity obtained in reflectance from the
MCT material.© 2001 American Institute of Physics
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into two beams. One beam was passed through a quartz ref-
erence, and the other either reflected off the MCT surface or
transmitted through a second quartz slab. The intensity of the
SH signal from both the reference and the sample was col-
lected using two identical photomultiplier tubes ~EMI
9813B!, masked with 532 nm bandpass filters. The averaged
SH intensity from the sample was then normalized to that
from the quartz reference, thus reducing the effect of laser
beam fluctuations. The input polarization was set by a half-
wave plate and the output SH polarization was selected with
an analyzer with the fundamental and harmonic beams po-
larized either parallel (P) or perpendicular (S) to the plane
of incidence. To directly compare the SH intensities gener-
ated from the MCT and the quartz samples, it is essential that
there is no alteration in the optical train between the two
different measurements. This ensures that the beam intensity
profile of the incident beam has not changed in either case.
The quartz sample was oriented such that the fundamental
and the harmonic beams were polarized parallel to the
X-dielectric axis. In this configuration, the quartz d11 coeffi-
cient was measured. A Maker fringe pattern was obtained on
rotating about the quartz ~010! surface around the
X-dielectric axis with the intensity value for quartz taken
from analysis of the envelope of the Maker fringes. For this
particular quartz sample the slab thickness was such that the
Maker Fringe envelope maximized at normal incidence ~Fig.
2!. The MCT sample on the other hand was mounted on a
stage that allowed rotation of the sample around the sample
FIG. 1. Schematic representation of the vicinal MCT epitaxial layer grown
on a GaAs ~100! substrate, tilted towards the @110# direction.
FIG. 2. Maker finge obtained for the quartz reference sample on rotation
around the X dielectric axis.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
130.159.82.211 On: Fri, surface normal. The incidence angle was fixed at 45°
~60.3°!. Both the quartz and the MCT samples were located
at the focal point of a lens of 50 cm focal length ensuring
that the photon flux was identical in both cases. The only
difference between the geometries was the position of the
analyzer and the PMT for the collection of the transmitted
and the reflected SH signals from the quartz and the MCT
samples, respectively.
RESULTS AND DISCUSSION
The rotational anisotropy patterns for the MCT epilayer
measured in air in the P IN-POUT ~P-polarized fundamental in
the P-polarized second harmonic out! and in the P IN-SOUT
polarization configurations are shown in Figs. 3~a! and 3~b!,
respectively. Details of the generation of such rotational pat-
terns for MCT including descriptions of the sample and its
surface preparation can be found elsewhere.7–9 The absence
of an even fourfold symmetry pattern indicates the MCT
surface to be vicinal and so not a true ~100! surface. Based
on the work by Yamada and Kimura10 the anisotropy pat-
terns were modeled to obtain the orientation and tilt angles
of the vicinal surface, c555° and d52.3°, respectively ~see
Fig. 1!. It is also worth pointing out that at zero degrees
rotation, the incident fundamental beam is colinear with the
crystal x axis which is defined as the @100# crystal direction.
Tables I and II show the reflected SH intensities for the MCT
sample positioned at each of the anisotropy maxima corre-
sponding to the rotation angles in Fig. 3~a! and 3~b!. For the
quartz, the intensity of the transmitted signal was found to be
stable to within 5% over the measurements taken before and
after each set of MCT measurements and over two complete
sets of measurements on different days. In arbitrary units,
which are the same as those used in Fig. 3, the quartz inten-
sity was
IQuartz
2v 53.4665%.
As noted above, to evaluate the effective bulk d coefficient
for MCT, it is necessary to compare the reflected second
harmonic intensity from the sample with the intensity gener-
ated by the same beam when transmitted through quartz. The
TABLE I. Measured SH intensities at the rotation angles corresponding to
Fig. 3~a!.
Rotation angle P IN2POUTIMCT
2v ~a.u.!
45° 0.006068%
225° 0.009068%
315° 0.016768%
TABLE II. Measured SH intensities at the rotation angles corresponding to
Fig. 3~b!.
Rotation angle P IN2SOUTIMCT
2v ~a.u.!
0° 0.018968%
90° 0.011368%
180° 0.008368%
270° 0.016168%ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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tion. In the calculations of Jerphagnon and Kurtz11 the same
approximation is made in calculating the Maker fringe inten-
sities in transmission through a slab, but corrections are sub-
sequently applied to allow for the Gaussian profile of the
beams and for multiple reflections. With most experimental
setups these corrections are small. In the present procedure,
the corrections can legitimately be taken as part of the quan-
tity K, given below in Eqs. ~1! and ~2!. Given that the beam
profile remains reasonably constant for transmission through
a thin slab and that the multiple internal reflections will con-
tribute to both transmitted and reflected second harmonic, the
assumption that the quantity K can be canceled between the
equations for the reflected and transmitted intensities to pro-
duce Eq. ~10! below is partially justified. The quantitative
values of the corrections that should be applied to the plane
wave approximation are not at present known, but should not
be larger than those applied in the Kurtz–Jerphagnon
method, and are known not to be critical. The results quoted
below are for a plane wave fundamental of angular fre-
quency, v incident at an angle u on a plane surface. Bound
and free second harmonic refracted waves are generated and
the requirements of the boundary conditions for the second
harmonic at the entry face lead to the generation of a second
harmonic reflected wave. The exit face plays no part in the
calculation of the reflected signal. For the quartz reference
Maker fringe calculation, the transmitted wave is calculated
by solving the boundary conditions at the exit face, leading
FIG. 3. Comparison of experimental and theoretical fitting of the rotational
anisotropy pattern for a vicinal MCT ~100! sample. The measurements were
performed in air in both the ~a! P IN2POUT and ~b! P IN2SOUT polarization
configurations at an incidence angle of 45°.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
130.159.82.211 On: Fri, to the equation of Jerphagnon and Kurtz11 for the Maker
fringe envelope. Both calculations have been carried out ex-
plicitly starting with the same formula for the fundamental
incident wave, to ensure that the ‘‘front factors’’ in the for-
mulas for the intensities ~which appear differently in various
publications! are at least obtained on the same basis for the
two cases. The calculation is a rather simplified example of
the Jerphagnon–Kurtz procedure, since the material is iso-
tropic, and the details are not given here.
For the experimental setup described above, the trans-
mitted SH intensity at normal incidence takes the form,11,12
IQuartz
2v 5K8E0
4S 211nvD
4 nv~nv1n2v!~nv11 !
~11n2v!3~n2v
2 2nv
2 !2
~d11!2
5KVQuartz~d11!2E0
4
, ~1!
where K is a constant factor which takes into account, as
discussed above, various properties of the incident beam pro-
file and nv and n2v are the appropriate refractive indices of
the quartz material at the fundamental and harmonic frequen-
cies. E0 is the incident electric field amplitude and d11 is the
relevant d coefficient for quartz. The formulas given below
for the calculation of the reflected wave refer to the ‘‘labo-
ratory coordinate system’’ where z is the normal to the entry
face, x is in the entry face and in the plane of incidence, and
y is in the entry face and normal to the plane of incidence.
The angle of incidence and reflection at both frequencies is u
and the angles of refraction at the fundamental and second
harmonic frequencies are, respectively, uv8 and u2v8 .
The first step in the calculation is to transform the sec-
ond order susceptibility tensor from the standard crystal co-
ordinate system to the above laboratory system. In the crystal
system the only nonzero values, x i jk
(2)5d5d36 , occur when
i jk are all different. If we write x i jk(2)5x i jk8 d the transforma-
tion matrix for x i jk8 depends only on the Miller indices of the
chosen entry face, the angle of rotation about the surface
normal, and the vicinal angle. Details of the transformation
are given in the Appendix. The vicinal angle is determined
by fitting the SHG intensity pattern ~see Fig. 3!.
The reflected second harmonic intensity may be written
in the general form,
IMCT
2v 5KRB
2 tA
4 1
~n2v
2 2nv
2 !2
d2E0
4
5KVMCT@d36~MCT!#2E0
4
, ~2!
where A and B stand for either S- or P-type polarization. The
transmission factor for the amplitude of the fundamental
wave ~polarization type A! entering the surface is tA and RB
is the factor governing the generation of the reflected second
harmonic wave ~polarization type B!.
The formulas for the evaluation of these quantities for
both polarizations are summarized below.
tS5
2 cos u
~nv cos uv8 1cos u!
,
~3!
tP5
2 cos u
~nv cos u1cos u8!
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 [This aand
RS5S gx2pyn2v cos u2v8
n2v cos u2v8 1cos u
D ,
~4!
RP5S f xn2v2gy cos u2v8
n2v cos u1cos u2v8
D ,
where
f x5
1
n2v
2 $~nv
2 sin2 uv8 2n2v
2 !px1~nv
2 cos uv8 sin uv8 !pz%,
~5!
f z5
1
n2v
2 $~nv
2 sin uv8 cos uv8 !px1~nv
2 cos2 uv8 2n2v
2 !pz%,
and
gx5nvpy cos uv8 ,
~6!gy5nv~pz sin uv8 2px cos uv8 !.
The nonlinear polarization is given by
pi5x i jk8 ~ev! j~ev!k . ~7!
In Eq. ~7!, where the repeated index summation convention
applies, the components of the unit polarization vectors are
~ev!x52cos uv8 , ~ev!y50, ~ev!z5sin uv8 ~8!
for P-type input and
~ev!x50, ~ev!y51, ~ev!z50 ~9!
for S-type input.
The quantities VQuartz and V (MCT) in Eqs. ~1! and ~2! can be
calculated for each geometry from the measured angles and
refractive indices. The MCT d coefficient can thus be de-
duced from,
d36~MCT!5S IMCT2vIquartz2v D
1/2S VQuartzVMCT D
1/2
d11~Quartz!. ~10!
For quartz, using the optical index values of nv51.53413
and n2v51.54702 at normal incidence, VQuartz5143.85. In
the case of MCT, the rotational position of the sample was
taken into account along with the fact that the MCT ~100!
surface is vicinal. Thus using values of nv53.54 and n2v
53.485 ~Ref. 13! at a rotation angle of 315° in the P IN-POUT
configuration, VMCT54.41531027. Therefore d36
5377 pm/V for a value of 0.3 pm/V employed for the quartz
d11 coefficient.14 This exercise was repeated for each of the
intensities reported in Tables I and II and the calculated val-
ues compared. The average value is thus
d365350640 pm/V.
The value 350640 pm/V is the largest so far measured for
zinc-blende type compounds with values for d36 of 170
pm/V and 109 pm/V for GaAs14 and CdTe,14 respectively, at
the fundamental wavelength of 1064 nm ~1.166 eV!. How-
ever, it is worth noting that both GaAs and CdTe are trans-
parent at 1.166 eV whereas MCT is already strongly
absorbing,14 with an absorption coefficient of 4.7
3104 cm21. At the harmonic frequency ~2.33 eV! both
GaAs2 and CdTe14 are absorbing with coefficients of 1.2rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
130.159.82.211 On: Fri, 3105 cm21 and 63104 cm21, respectively, while MCT has
an even higher value of 3.33105 cm21. These large absorp-
tion coefficient values indicate that the magnitude of the
measured d36 coefficient arises from a delicate interplay be-
tween the resonance enhancement of the coefficient and the
absorption process. The harmonic wavelength at 532 nm lies
in the vicinity of the E1 electronic transition in MCT, which
occurs at the L position in the Brillouin zone.15 It is inter-
esting to note that the highest values calculated at resonance
for the d coefficient of CdTe, at the G position at the center
of the Brillouin zone, did not exceed 120 pm/V.16 Hence the
incorporation of mercury atoms at a mole fraction of 0.72 in
MCT, so increasing the proportion of HgTe units in the MCT
lattice enhances the polarizability. Furthermore, the reduced
symmetry away from the center of the Brillouin zone com-
bines to yield a d-coefficient value three times as large as
that for CdTe.
CONCLUSIONS
The second order nonlinear coefficient (d36) of the
narrow-band gap semiconductor, mercury cadmium telluride
~MCT!, has been measured for the first time. Due to the high
absorption coefficient of the MCT at both the fundamental
and harmonic wavelengths, the measurement was performed
by comparing the second harmonic intensity reflected from
the MCT surface to the second harmonic intensity measured
for a quartz sample in transmission. The analysis carried out
depends on the derivation of comparable expressions for the
reflected and transmitted intensities and using this approach
a value of d36(MCT)5350640 pm/V is obtained. This is
much larger than other d coefficients reported for similar
zinc-blende type materials and the large magnitude of the
MCT d36 coefficient is attributed to an electronic resonance
enhancement.
APPENDIX: ORIENTATION OF CRYSTAL SURFACE
AND TRANSFORMATION OF THE x 2 TENSOR
In the standard crystal coordinate system, the d matrix
for SHG for the zinc-blende structure has the form:
d5S 0 0 0 1 0 00 0 0 0 1 0
0 0 0 0 0 1
D d5d8d .
The dimensionless matrix d8 is written in three dimensional
form as x8. The surface normal n is specified by the Miller
indices of the surface and a reference axis r in the surface
~orthogonal to n! is chosen by inspection. For example, if the
surface were the ~111! plane then the reference axis could be
taken as @1¯01# . A third orthogonal axis is set up as nˆr.
The vectors are normalized and their components define the
transformation matrix T. The transformed x8 tensor in the
laboratory coordinate system is then obtained as,
RzwRydRzcTx8,
where the R are rotation matrices about the successively
transformed axes. The Rzc rotation orients the surface so
that the vicinal tilt is in the x direction ~rotation about y!,ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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scissas in Fig. 1 is effected by the rotation Rzw.
A program has been written that performs these opera-
tions for any surface in cubic, tetragonal, or orthorhombic
crystals. In the particular case considered here, the Miller
indices define the ~100! surface, the reference axis is @100#,
and the best fit to the anisotropy pattern is obtained for c
555° and d52.3°.
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